Background: Radiation therapy (RT) including tomotherapy has been widely used to treat primary tumors, as well as to alleviate the symptoms of metastatic cancers. Objective: The primary purpose of this study was to examine the characteristics of the clinical features and pathophysiological mechanisms associated with acute radiation dermatitis in cancer patients that received tomotherapy, and compare the results to patients treated by conventional radiation therapy. Methods: The study population consisted of 11 patients that were referred to the dermatology department because of radiation dermatitis after receiving tomotherapy; all patients were evaluated for clinical severity. The patients were assessed and identified using the National Cancer Institute Common Toxicity Criteria version (CTC) 3.0. We performed biopsies of the skin lesions that were examined for apoptosis using the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end-labelling (TUNEL) assay and stained immunohistochemically with monoclonal antibodies to CD8, CD4 and TGF-β. As a positive control, patients with radiation dermatitis treated with conventional radiation therapy were also studied. Results: The results of the clinical features of the skin of tomotherapy patients were the following: grade 1 (36%), grade 2 (55%) and other changes (9%). Among the population that had skin lesions due to acute radiation dermatitis, the mean number of positive cells 
INTRODUCTION
Recent advances in medical science, especially the development of molecular biological techniques and medical technology, have contributed to the improved therapeutic efficacy of cancer treatment protocols. Radiation therapy (RT), as monotherapy or in combination with other treatment modalities, has been reported as an effective regimen for tumor treatment. However, use of traditional RT, to treat tumors, also affects normal tissues adjacent to the cancer 1 . By contrast, tomotherapy is a more advanced form of conformal RT 2 . With tomotherapy, the intensity of the beam varies across the aperture to shape the dose dis- Clinical and microscopic changes of the skin develop after therapeutic exposure to radiation. Within two to three weeks after exposure to radiation, erythema, desquamation and erosion occur. In acute radiation dermatitis, there is edema, endothelial cell changes and other epidermal and dermal cell changes such as inflammation, cell apoptosis and necrosis by lymphocytes and cytokines 1 . Cell death usually occurs after one to five radiation division cycles. Radiation damage to chromosomal DNA is responsible for cell destruction, such as apoptosis, necrosis, and failure to complete mitosis 6 . The later post-radiation changes result from injury to the vasculature and fibrosis, which is cytokine-mediated. Transforming growth factor-β (TGF-β) is associated with fibrosis. In addition, RT may have a negative impact on long-term cosmetic outcome as well as acute and chronic radiation dermatitis. These complications are closely related to a decreased quality of life after RT 3, 7 . Therefore, the primary purpose of this study was to determine the characteristics of the clinical features associated with acute radiation dermatitis. The severity of acute radiation dermatitis after receiving tomotherapy was examined both clinically and histopathologically, and compared with conventional radiation dermatitis.
MATERIALS AND METHODS

Study design
The study population consisted of ten women and one Table  1 ). The inclusion criteria were patients that received tomotherapy (Helical Tomotherapy, Hi-Art Ⓡ , Tomotherapy incorporated. USA). The patients underwent simulation with computed tomography and were prescribed standard fractionation with 180 cGy per day to a total of 4,500 to 5,940 cGy over 28 treatments with tomotherapy. The treatments took 36 to 79 days; patients that experienced radiotherapeutic complications rested between the tomotherapy sessions. The patient demographics, tumor characteristics and treatment-related information were prospectively collected from the hospital database. We used the National Cancer Institute Common Toxicity Criteria, version (CTC) 3.0, to evaluate the clinical severity of the acute radiation dermatitis 1 . Grade 1 changes included faint erythema and dry desquamation. Grade 2 changes consisted of persistent tender or edematous erythema that in some cases progressed to focal loss of the epidermis and moist desquamation in the skin folds. Grade 3 dermatitis was characterized by confluent moist desquamation in locations other than the skin folds and pitting edema. Grade 4 changes could progress to ulceration and bleeding 1 . The treatment protocol for each patient was continued until the study was terminated. Patients were instructed to apply an emollient and topical corticosteroid twice a day and a saline wound dressing daily to the irradiated field after the development of radiation dermatitis. A physician evaluated the degree of skin toxicity every week during the RT in the outpatient clinic. A flow sheet was used for all patients to record the maximum skin toxicity over time, including the scores. Eleven patients, who understood and agreed to the pur- pose of the study, were enrolled and provided informed consent to participate. Skin samples were taken at the first visit to our department from patients that had grade 1∼2 radiation dermatitis that occurred after undergoing 6∼49 days of tomotherapy (Table 1) . Three biopsy specimens were taken from each patient. Skin samples from positive controls were taken from three patients with grade 1∼2 radiation dermatitis that occurred after 2∼4 weeks of treatment with conventional RT. As a negative control, normal skin samples from the three normal subjects were obtained. This study was conducted in accordance with applicable good clinical practice guidelines and in accordance with the ethical principles for protection of human rights described in the Declaration of Helsinki. The original protocol and the patient consent form were approved by the Institutional Review Boards of Incheon St. Mary's Hospital, College of Medicine, The Catholic University of Korea.
Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphated nick end-labelling (TUNEL) assay
DNA strand breaks associated with an apoptotic response can be identified by labeling the free 3'-OH termini with modified nucleotides in an enzymatic reaction. Based on the principle of the TUNEL assay, apoptosis in the radiation dermatitis lesions was examined using an in situ cell death detection kit (CHEMICON, S7100, USA). Formalinfixed tissues were embedded in paraffin and were then sectioned at a 5μm thickness. The tissue sections were mounted on slides and were deparaffinized, diluted proteinase K was added, and the sections were blocked with 3% H2O2 in PBS. The sections were then treated with the TUNEL reaction mixture composed of terminal deoxynucleotidyl transferase, followed by incubation with a color antibody diaminobenzidine solution.
Immunohistochemistry of CD8, CD4 and TGF-β
Immunohistochemical staining for CD8, CD4 and TGF-β was performed to identify the cells that were possible biological markers of radiation dermatitis. Immunohistochemical analysis was performed using a high temperature antigen unmasking technique. The sections were heated in the unmasking solution (citrate buffer), washed, and then were incubated with mouse primary monoclonal antibodies against CD8 (NCL-L-CD8-295; Novocastra Laboratories, Newcastle upon Tyne, UK), CD4 (NCL-L-CD4-1F6; Novocastra Laboratories) and TGF-β (NCL-TGF-β, Novocastra Laboratories) at room temperature for 60 min. This procedure was followed by incubation with the secondary antibodies (Envision Detection kit K5007, DAKO, Denmark). These reaction products were developed using diaminobenzidine solution as a chromogen.
Quantitative analysis of the TUNEL assay and immunohistochemical staining
Staining patterns on slides were evaluated under a conventional light microscope at a magnification of ×400. Positively stained cells in the epidermis and upper dermis, regardless of the staining intensity, were counted for each marker on two high marked fields per specimen. Two independent dermatologists reviewed the results in a blinded fashion. Data were analyzed by determination of mean values. Differences between the groups were compared by the Kruskal-Wallis test.
RESULTS
The patient results in the tomotherapy group are summarized in Table 1 . The maximum skin toxicities were examined weekly. According to the CTC, the skin toxicities among the 11 tomotherapy patients included 36% that were grade 1 and 55% were grade 2 ( Fig. 1) . One patient presented only with post-inflammatory hyperpigmentation. No patient had a grade 3 or higher toxicity. Grade 2 changes, consisting of moderate erythema and moist desquamation, occurred 2∼4 weeks after radiation therapy. Faint erythema or pigmentation remained 5∼7 weeks after the radiation therapy. Patients reported more discomfort with pruritic and burning sensation during the first 1∼2 weeks after radiation treatments. Post-inflammatory hyperpigmentation was commonly observed after healing of the acute radiation dermatitis. The radiation dermatitis in most of the patients improved after 2∼4 weeks of dermatology care.
Detection of apoptosis on the TUNEL assay
The lesions associated with tomotherapy radiation dermatitis were examined for the presence of TUNEL-positive cells (30.50±7.5/HPF). In situ detection of apoptotic cell death by the TUNEL assay showed strong positive signals in the epidermal keratinocytes and dermal endothelial cells as well as inflammatory cells in the lesions (Fig. 2) . On the other hand, only faint apoptotic signals were detected in a few cells (7.5±1.64/HPF) in the epidermis and dermis of the skin samples from patients that received conventional radiation therapy (Fig. 2) . In addition, only a few cells (2.0±1.65/HPF) in the dermis of normal skin were noted to have faint apoptotic signals. The results showed a more extensive occurrence of apoptosis in the lesions from patients with tomotherapy associated radiation dermatitis compared to conventional radiation therapy lesions by the TUNEL assay (p=0.0019) (Fig. 3 ).
T-cell subpopulations in the radiation dermatitis lesions
The inflammatory T-cells that infiltrated into the radiation dermatitis lesions were dominated by CD8＋ T cells with a small proportion of CD4＋ T cells (Fig. 2) . CD8＋ T cells in the radiation dermatitis lesions were detected in many of the dermal infiltrates of the tomotherapy patients (34.6±12.5/HPF), whereas they were only weakly detected in the patients receiving conventional radiation therapy (12.50±3.73/HPF) (p＜0.0001) (Fig. 2, 3 ). These cells were rarely observed in normal skin (2.33±0.15/ HPF). The CD4＋ T cells in the radiation dermatitis lesions were moderately detected in the dermis of tomotherapy patients (5.19±3.17/HPF) and in patients receiving con- ventional radiation therapy (3.16±1.47/HPF) (p＜0.0001) (Fig. 2, 3 ). However, they were rarely observed in normal skin (0.41±0.9/HPF). The ratio of CD4 to CD8 cells was 40% lower in the dermis of tomotherapy patients than in patients receiving conventional radiation therapy.
Expression of TGF-β in the radiation dermatitis lesions
The expression of TGF-β in the radiation dermatitis lesions was examined (Fig. 2) . Immunohistochemical localization revealed that the presence of TGF-β was detected (9.95±1.33/HPF) in the dermis of lesions associated with tomotherapy radiation dermatitis and in a few cells (6.50±1.97/HPF) in the dermis of patients with conventional radiation dermatitis (Fig. 2) . However, the presence of TGF-β was rarely observed in normal skin (0.83±0.52/ HPF). The differences in the results among the three groups were statistically significant (p<0.0001) (Fig. 3) .
DISCUSSION
The results of this study showed that 36% and 55% of the patients were classified as grade 1 and grade 2, respectively. A transient, faint grade 1 erythema might develop due to dilatation of capillaries or possibly be associated with increased vascular permeability. Grade 2 changes, consisting of tender and edematous erythema, might occur due to fibrin thrombi or edema of large vessels 1, 8 .
Grade 2 erythema may progress to focal loss of the epidermis, producing moist desquamation in the skin folds or creases. The dry desquamation associated with grade 1 is characterized by pruritus and scaling. The moist desquamation of grade 2 is characterized by epidermal necrosis, persistent edema and fibrinous exudates. These erythematous and desquamative reactions after RT are reversible and can heal gradually, even though the reactions are accompanied by increased expression of epidermal growth factor receptors 1, 9 . Complete healing usually occurs one to three months following epidermal regeneration 1 . In this study, most of the patients reported that the skin lesions were almost completely resolved after two to four weeks of dermatological care, including a wet dressing and topical steroid application. Post-inflammatory hyperpigmentation is commonly observed with any disruption of the dermoepidermal junction, and depends on the severity of the initial reaction and the skin type of the patient 6 . In this study, the skin type of all the patients was Fitzpatrick III-IV, and faint erythema and pigmentation persisted for five to seven weeks after radiation therapy. In this study a CTC grade 1 or 2 radiation dermatitis occurred two to four weeks after tomotherapy, with a dose to the skin of 10∼50 Gy (mean: 27.9 Gy). On the basis of a recent review, when administering radiation doses to the skin of 40 Gy or greater, grade 2 radiation dermatitis would be expected to occur four to five weeks after therapy 8 . Grade 2 radiation dermatitis in this study occurred more rapidly than previously reported. There were more grade 2 patients among the cases immediately referred to the dermatology department. The intensity of the radiation dermatitis has been related to age, gender, anatomic site, field size, the radiation dose and the dose rate 6, 10 .
After radiation therapy, free radicals react with the organic molecules of the cells and tissues, and alter their structure and function. Radiation-induced injury occurs instantaneously after exposure, and this injury is mediated by a burst of free radicals that cause DNA damage and alteration of proteins, lipids and carbohydrates. Each additional exposure or fraction contributes to the recruitment of inflammatory cells as well as direct tissue injury 11 . The activated cell response pathways mediate cytoprotective and cytotoxic responses associated with cell survival or death. Necrosis of cells, failure of cell division and apoptosis are the principal mechanisms of post-radiation cell death. Therefore, acute injury results in the reduction or impairment of stem cell function, endothelial cell changes, as well as inflammation and/or epidermal cell apoptosis or necrosis. Lower radiation doses produce clumping of nuclear chromatin, swelling of the nucleus and apoptosis. Higher doses cause nuclear abnormalities, loss of the nuclear membrane, mitochondrial distortion, degeneration of the endoplasmic reticulum, as well as direct necrosis of cells 9, [12] [13] [14] . The results of this study showed an increased frequency of apoptosis by the TUNEL assay in the lesions associated with the tomotherapy radiation dermatitis compared to the conventional radiation dermatitis. In addition, CD4＋ T cell and CD8＋ T cell mediated inflammation was observed in the lesions. Moreover, T cell mediated inflammation was increased in the lesions of the tomotherapy patients. TGF-β, is a peptide that is involved in mediating the proliferation of many cell types, and it is involved in the development of chronic radiation dermatitis 15 . Up-regulation of TGF-β has been found in the fibrotic tissue of patients with the chronic effects of radiation; confirming that its induction is a general response of cells to conventional radiation therapy 15 . TGF-β is also a chemotactic factor for mast cells and possibly increases angiogenesis by inducing macrophages to release factors that lead to neovascularization 1, 16 . In the present study, TGF-β-positive cells were not frequently observed in patients treated with either tomotherapy or conventional radiotherapy, because this study was limited to the effects of acute radiation dermatitis.
One of the advantages of tomotherapy for cancer treatment is its clinical feasibility. More specially, radiation protocols based on individual differences can be developed to improve dose distribution for the treated cancer tissues and lower the dose effects on normal organ tissues compared to more conventional approaches that provide uniform treatment with the same dose of radiation. In addition, there is a low frequency of acute skin toxicity and excellent cosmetic results with tomotherapy 3 . In this study patients were analyzed that received the same prescribed doses, for both the tomotherapy and conventional patients, for the initial cancer tissue fields and the boost treatments. We have demonstrated the extensive occurrence of apoptosis in the lesions associated with tomotherapy radiation dermatitis using the TUNEL assay. Repetitive radiation exposure leads to a series of skin and soft tissue injury; these consecutive radiation exposures, without regeneration phases, aggravate the existing damage even more. Although normal skin is not the primary target of ionizing radiation, in most cases, exposure of the normal skin is inevitable. The findings of this study suggest that radiation dermatitis in patients receiving tomotherapy without dose modification had a significantly more severe dermatitis clinically and histologically when compared to patients receiving conventional radiation. The skin of the focal radiation lesions showed apoptosis and CD8＋ T cell mediated cytotoxic immune responses.
